Ouabain markedly inhibited the growth of the mouse cell lines K3b and JLS-V9 and the production of murine leukaemia virus (MuLV) in them. The inhibition of MuLV production was abolished by exposing the cells to normal medium or by adding a high concentration (43 mM) of K + ions to the ouabain-containing medium. MuLV production was reduced by ouabain more rapidly than host cell directed protein synthesis. After treatment of cells with ouabain (0"5 mM) for 7 h, extracellular reverse transcriptase activities were reduced by 87 to 92 ~. However, the intracellular level of polymerase activities remained almost unchanged (77 to 98 ~ relative to the control). Mouse interferon inhibited the production of MuLV in K3b cells and this antiviral action was not blocked by 0"5 mMouabain.
INTRODUCTION
Ouabain, an inhibitor of Na+-K+-dependent ATPase, changes the intracellular concentrations of monovalent cations (Na +, K +) and reduces the rate of cellular protein synthesis and the growth of cells (Mayhew & Levinson r968; Quastel & Kaplan, I97O; McDonald et al. I972; Shank & Smith, I975) . Nagai et al. (I972) found that the growth of some enveloped viruses (Sendai virus, fowl plague virus) in chick embryo cells was markedly inhibited by low concentrations of ouabain (o'o5 raM). On the other hand, ouabain was shown to inhibit the antiviral action of human and primate interferons in green monkey cells (Lebon & Moreau, I973, I975; Lebon et al. I975) . We also found that, in mouse cells, the antiviral action of mouse interferon on vesicular stomatitis virus replication was blocked by ouabain (Kuwata, Fuse & Morinaga, I977) . While investigating the effect of ouabain on the antiviral and anticellular action of mouse interferon, we found that ouabain suppresses the production of murine leukaemia virus (MuLV) in the AKR mouse cells, K3b, and BALB[c mouse cells, JLS-Vg. We also observed that ouabain did not block the antiviral action of interferon on the production of MuLV. These results are reported here.
METHODS

Cells.
The AKR mouse cell line, K3b, has previously been described (Kuwata, Okazaki & Spahn, I973) . JLS-V9 cells, infected with Rauscher-MuLV and established by Chopra & Shibley (I967) , were supplied by Dr T. Takano, Keio University, Tokyo, Japan. Cells were cultivated in 60 or Ioo mm diam. plastic plates with Eagle's minimal essential medium (MEM, based on Earle's balanced salt solution) supplemented with IO ~ bovine serum.
Reverse transcriptase assay. The IOO/~l incubation mixture contained 40 mM-tris-HC1, pH 8.0, 30 mM-NaCI, I mM-MnC12, 2 mi-dithiothreitol (DTT), 0"02 ~oo NP4o, O'OI E260 units of poly(A), d(T)12-18 or o'o33 E260 units of poly(Cm), d(G)x2-is, o.8/zCi of ZH-TTP (47 Ci/mmol) or 3H-GTP (4"9 Ci/mmol) and 5o #1 of 3o-fold concentrated tissue culture fluid (if not otherwise stated) or cytoplasmic extract. Incubation was carried out at 35 °C for 6o rain. Acid-precipitable radioactivity in 80 #1 of this mixture was estimated and the virus suspension was prepared from the tissue culture fluid as described in a previous paper (Tomita & Kuwata, I976) . Cytoplasmic extracts were prepared as follows. The monolayers were washed three times with phosphate buffered saline (PBS). Then the cells were centrifuged at I5OO rev/min for 2 min and homogenized with a Potter homogenizer in 4 ml of 20 mM-tris-HC1, pH 7"4-The extract was sedimented at Ioooo g for 20 min and the supernatant was concentrated by lyophilization and re-suspension in o'3 ml of TEN buffer (I o mMtris-HC1, pH 7"4, I mM-EDTA, ~oo mM-NaC1) containing o.2 mM-DTT and o.o2 ~ NP4o.
Determination of protein synthesis. After incubation with or without ouabain, the cultures in 6o mm plates were washed with MEM and incubated with 3 #Ci of l~C-amino acids (40"3 Ci/mmol) in 3 ml of MEM (without amino acids) for 3o min at 37 °C in an atmosphere of 5 ~ CO2. The labelled materials were extracted with 2 ml of disruption buffer (0"5 NP4o, o'5 ~ sodium deoxychotate, 25 mM-tris-HC1, pH 8.o, 5 ° mM-NaC1) at 37 °C for 3o min. To a sample (o'5 ml) of this extract, I mt of TCA was added. The insoluble material was collected on glass fibre paper (Whatman GF/C), washed twice with 5 ml of Io ~ TCA and twice with 5 ml of ethanol and dried. The paper was placed in 8 ml of toluene scintillator and assayed for radioactivity in a Beckman Scintillation counter. Interferon. Mouse L cell interferon (9 x Io 5 units/mg protein) was kindly supplied by Dr S. Kobayashi, Basic Research Laboratory, Torai Industries, Kamakura, Japan.
RESULTS
Inhibition of cell growth and MuLV production by ouabain
The effects of ouabain on the growth of K3b and JLS-V9 cells were investigated first over the range of o.oI to o'5 mM ( Fig. D -Both cells were inhibited markedly, dependent on the concentration ofouabain. At a concentration of o.I mM, the growth of K3b and JLS-V9 cells during 2 days observation was reduced by 22 ~ and 29 ~, respectively, and at a concentration of o'4 mM, they were reduced by 7t ~ and 8I ~ after calculation from the data shown in Fig. I . Next, effects of ouabain on the production of MuLV were examined over the range of o.oor to o'5 mM. Monolayers of K3b and JLS-V9 ceils were cultured with medium containing various concentrations of ouabain, and after 16 h the culture fluid was harvested, and the production of MuLV was estimated in terms of particle-associated reverse transcriptase activity with poly(A).d(T)l~_ls as the template. As shown in Table I . o,I mM-ouabain reduced the virus yield from both K3b and JLS-V9 cells by more than 50 and in o'5 mM-ouabain by 93 ~ and 89 ~, respectively. However, this inhibition was rapidly abolished by exposing the cells to normal medium or by the addition of 43 mmol of K + ion to the ouabain medium (Table 2) . From these results it seems likely that MuLV production was reduced by ouabain more rapidly than cell growth. ? Virion-associated reverse transcriptase was assayed using poly(A).d(T)12_18 as template. The reaction mixture 00o #1) contained 50/zl of 3o-fold concentrated culture fluid.
Kinetics of inhibition of MuL V production and protein synthesis
To ascertain whether the inhibition of MuLV production by ouabain was mainly due to the inhibition of host cell directed protein synthesis, kinetic studies were done. K3 b and JLS-V9 cells were cultured in o'5 mM-ouabain medium and at various times, protein synthesis was estimated by incorporation of 14C-amino acids into protein. As shown in Fig. z , both protein synthesis and MuLV production decreased markedly with time, though MuLV production was the more rapidly reduced, particularly in JLS-V9 cells; in these, the reduc- Ouabain 25 "50 99"2 and K + and K + * Cells were treated with normal medium, or with ouabain, KC1, or both, from o h to i6 h. They were washed with normal medium and cultured for the following 8 h with fresh medium in the absence or presence of ouabain and KC1. Culture fluids were then collected and. assayed for reverse transcriptase. 
lntra-and extracellular levels of reverse transcriptase activity
Reduction of extracellular virus does not always indicate reduction of intracetlular virus or virus precursors. Therefore, intra-and extracellular levels of reverse transcriptase activity were examined after treatment with ouabain, using poly(Cm).d(Glz_ls as the template, since this is reported to be a specific template for virus reverse transcriptase (Gerard, Rottman & Green, I974; Gerard, 1975) . As shown in Table 3 , when K3b cells were treated with 0"5 mM-ouabain, extracellular reverse transcriptase activity was reduced (K3b) or 5 × IO7 cells (JLS-V9) were cultured in the presence of 0"5 mM-oubain for 6 h, and then in fresh medium containing 0"5 mM-ouabain from 6 to 7 h. Polymerase activity in the cytoplasmic extract prepared at 7 h or in the too-fold concentrated culture fluid collected from 6 h to 7 h was estimated as described in Methods.
Expt.
I. 
2.
Effect of ouabain on antiviral activity of mouse interferon
Production of MuLV, like other viruses, has been reported to be suppressed by interferon (Billiau, Sobis & De Somer, I973; Friedman & Ramseur, I974). However, the antiviral action of mouse interferon, as estimated by suppression of VSV replication, was shown to be blocked by o'5 mM-ouabain in the transformed mouse cells, K3b (Kuwata et al. 1977) . Therefore, we examined whether the antiviral action of mouse interferon on MuLV production was blocked by ouabain. K3b cells were treated with interferon or ouabain, or a combination of both, for I6 h or 22 h, and production of MuLV was estimated. The cells were then fed with normal medium and the recovery of MuLV production was determined. As shown in Table 4 , mouse interferon inhibited MuLV production in K3b cells. This antiviral state of cells persisted for at least 46 h, and it was not blocked by simultaneous treatment with ouabain. In contrast, the inhibition of MuLV production by ouabain was no longer seen after further culture of the cells for 24 h in normal medium.
DISCUSSION
Ouabain is known to inhibit Na+-K+-dependent ATPase reversibly. This results in a decreased K + ion concentration and increased Na + ion concentration inside the cells. In turn, these lead to a reduction in protein synthesis by cells and in their rate of growth (Mayhew & Levinson, 1968; Quastel & Kaplan, 197o; McDonald et aL 1972) . Lubin (1967) reported that the rate of macromolecular synthesis by cells depends absolutely upon the intracellular K + ion concentration. In the present study, we have shown that both K3b and JLS-V9 cells are very sensitive to ouabain and that the production of MuLV by these cells is inhibited to a marked extent if they are cultivated in ouabain-containing medium. The inhibition of MuLV production was reversed by the addition of K + ions (43 raM) to the ouabain medium. These results suggest that decreased levels of K + ion concentration inside the cells cause inhibition of MuLV production. However, it may also be argued that the reduction of MuLV production is due chiefly to the decrease in protein synthesis and cell growth rate, because production of MuLV from mouse cells is known to depend to a large extent on cell division and growth (Paskind, Weinberg & Baltimore, 1975) . Shank & Smith (1975) showed that the inhibition of cell growth by ouabain was proportional to the inhibition of Na+-pumping activity and Na+-dependent amino acid incorporation into proteins. Therefore, we examined the time course of reduction in MuLV production and in 14C-amino acid incorporation into protein. In JLS-V9 cells, a significant difference in the sensitivity of these processes was observed, namely MuLV production was clearly reduced more rapidly than the rate of protein synthesis. On the other hand, after a 7 h treatment with ouabain, intracellular levels of polymerase activity remained relatively unaffected, in contrast to the decreased levels of protein synthesis in both cell lines. These results suggest that a reduced intracellular K + ion concentration particularly interferes with the synthesis of virus macromolecules which may be necessary for maturation of virus or its release from the cell surface. Recently, Ussery, Ramirez-Mitchell & Hardesty 0976) reported that the release of Friend leukaemia virus from cells was inhibited in media of low ionic strength and this inhibition was reversible.
As reported by Friedman & Ramseur (1974) , replication of MuLV in chronically infected AKR mouse cells is suppressed by interferon treatment. We confirmed these results with our K3b cells, but the suppression of MuLV by interferon was not blocked by simultaneous treatment with ouabain. On the other hand, the suppressive action of interferon on VSV was blocked by ouabain (Kuwata et al. i977 ). These different effects of ouabain on the antiviral effects of interferon on VSV and MuLV may reflect a difference in the locus of interferon action with the two viruses: VSV replication is apparently inhibited by interferon at the stage of accumulation of virus RNA (Metz, I975) ; in contrast MuLV replication is inhibited at the stage of virus assembly or release (Billiau et al. 1973; Friedman & Ramseur, I974; Friedman et ak I975; Pitha, Rowe & Oxman, 1976; Chang et al. I977) . However, at present the precise mechanisms underlying these phenomena are not clear. This work was supported by the Research Grant from the ministry of Education, Science and Culture.
